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Quantum corrections generate a quadratically divergent mass term for the Higgs boson in the standard 
model. Thus, if the Higgs boson has a mass of order 100 GeV, it implies the presence of a cut-off of the 
theory around TeV scale, and some particles associated with the new physics may appear around the 
cut-off scale Λ. However, if Λ is several TeV, it may be diﬃcult to ﬁnd such particles at the LHC. In this 
Letter, we consider a situation in which the new physics provides relatively light particles compared with 
the scale Λ. In such a situation, we show that diphoton event and four lepton event by the decay of the 
Higgs and/or a new particle have naturally large cross section, and LHC may test the new physics in a 
considerably broad parameter region even if Λ is several TeV.
© 2011 Elsevier B.V. Open access under CC BY license.1. Introduction
Higgs boson of mass of the order 100 GeV is a crucial element 
in the standard model (SM). However, its mass is not stable against 
quantum corrections. In fact, one-loop diagrams induce quadratic 
divergences in the Higgs mass squared in the SM. Thus, it is natu-
ral to consider some cut-off at around TeV scale, Λ  O(1) TeV, to
keep the required O(100) GeV mass for the Higgs. If it is indeed
the case, we expect that LHC experiments ﬁnd some particles as-
sociated with the new physics at the TeV scale. However, the above 
argument does not necessarily predict the new physics within the 
reach of the LHC, and in such unfortunate situation it may be very 
diﬃcult to ﬁnd new particles at LHC.
However, there are various new physics [1] which predicts or 
requires relatively light particles even if the cut-off scale Λ is large 
as several TeV. For example, a radion in extra dimension mod-
els may be such a particle. Some strongly interacting model also 
predicts a light scalar particle. For each model, their phenomeno-
logical aspects are discussed in a model-dependent manner [2,3]. 
The purpose of this Letter is to point out a possibility to test such 
new physics at LHC, provided a relatively large cut-off scale of the 
new physics by model independent analysis.
We consider, for simplicity, a gauge singlet scalar boson φ be-
low 1 TeV generated by the new physics. However, the generaliza-
tion to the other cases is straightforward. The low-energy effective 
theory is described by the SM + one boson φ. We take mass of
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doi:10.1016/j.physletb.2011.09.053the scalar boson to be mφ = 100 GeV–1 TeV and we consider the
following possible interactions of the φ,
Lint = κφH†H +
∑
i
αi
Λi
φFμνi F iμν. (1)
Here, αi = g2i /4π and gi is a corresponding gauge coupling con-
stant. The κ in the ﬁrst term is a dimension-one constant and we 
take κ = O(100) GeV. The second term may arise from dynamics
of the new physics. This term gives large production cross section 
by gluon fusion. Thus, we have three free parameters, mφ, κ and
Λi in our effective approach. We show that LHC may test the new 
physics in a considerably broad parameter region even if Λi is sev-
eral TeV.
2. Mass spectrum of scalar bosons and their decays
Here, we consider the SM + one boson φ model. For simplicity,
we assume φ is a real scalar and a singlet under the SM gauge 
group. We give the scalar potential as follows:
V = m
2
h
2v2
(
H†H − v
2 
2 
)2 
+ κφ
(
H†H − v
2 
2 
)
+ m
2
φ
2 
φ2. (2)
At the potential minimum, scalar ﬁelds have VEV with H†H =
v2/2 (v = 246 GeV) and φ = 0.1 The ﬁrst term of the potential
1 If we take the second term in Eq. (2) as −κφ(H† H− v ′2/2) (v ′ = v), φ has non-
zero VEV. However, by an appropriate redeﬁnition of the ﬁeld and Higgs VEV v , we 
can get the potential in Eq. (2).
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ing and interaction between H and φ. This term has an important
role in the phenomenology of this model. The last term is φ mass
term. This potential is bounded below if |κ | <mhmφ/v and m2h > 0
is satisﬁed. To discuss the phenomenology of these scalar particles,
mixing between two scalars is important. For simplicity, we have
taken the minimum interaction term for the mixing, that is, we
have dropped φ3, φ4 and φ2|H|2 interaction terms.2 This simpli-
ﬁcation changes the Higgs self-interactions. However, it does not
change largely the analysis in the following of this Letter.
Furthermore, we introduce effective interaction terms between
φ and the SM gauge bosons,
Lint = α
Λγ
φFμν F
μν + αs
Λg
φGμνG
μν. (3)
Here, Fμν and Gμν are the ﬁeld strength of photon and gluon,
respectively. In this Letter, we do not specify sources of these ef-
fective interactions. We can also write effective interaction term
with W or Z , such as φZμν Zμν , φZμν Fμν and φW
†
μνW
μν . In the
following of this Letter, we do not consider them for simplicity.
2.1. Mass spectrum of the model
We decompose Higgs ﬁeld into real scalar ﬁelds as(
H+
H0
)
= 1√
2
eiϕ
aT a
(
0
v + h
)
. (4)
Here, ϕa (a = 1,2,3) are the Goldstone bosons which are eaten
by W and Z . The mass and interaction terms of φ and h are given
by
L = −1
2
m2φφ
2 + κvφh − 1
2
m2hh
2 + κ
2
φh2 + m
2
h
2v
h3 − m
2
h
8v2
h4. (5)
We denote the mass eigenstate as φ˜ and h˜. They are deﬁned by(
φ˜
h˜
)
=
(
cos θ − sin θ
sin θ cos θ
)(
φ
h
)
. (6)
The mass eigenvalues and mixing angle are given by
m2
φ˜,h˜
= 1
2
(
m2φ +m2h ±
√(
m2φ −m2h
)2 + 4κ2v2 ), (7)
tan θ = 1
2κv
(√(
m2φ −m2h
)2 + 4κ2v2 −m2φ +m2h). (8)
In the following of this Letter, we assume m2h < m
2
φ . In this case,
−π/2 θ  π/2. When |κv|  |m2φ −m2h|, tan θ  κv/(m2φ −m2h).
In the following of this Letter, we treat mh˜,mφ˜ and mixing angle θ
as free parameters.
2.2. Decay of φ˜ and h˜
Decay modes of φ˜ and h˜ look like the SM Higgs because of its
h component. The decay widths of φ˜ and h˜ into SM fermions are
given as follows:
Γ (φ˜ → f f¯ ) = N fmφ˜
8π
m2f
v2
sin2 θ
(
1− 4m
2
f
m2
φ˜
)3/2
, (9)
Γ (h˜ → f f¯ ) = N fmh˜
8π
m2f
v2
cos2 θ
(
1− 4m
2
f
m2
φ˜
)3/2
. (10)
2 These terms cannot inﬂuence φ–H mixing when φ = 0.Fig. 1. The branching ratio of main decay process is shown. In this ﬁgure, we set
Λφ˜,g = 1 TeV and Λ−1φ˜,γ = 0, and ﬁx mass eigenvalues with mφ˜ = 350 GeV and
mh˜ = 115 GeV.
Here, N f = 1 for a lepton and N f = 3 for a quark. If we as-
sume mφ˜ > 2mZ ,2mh˜ , φ˜ can decay to two massive gauge bosons
or two h˜’s. The decay widths are given as follows:
Γ
(
φ˜ → W+W−)= κ2
16πmφ˜
(m2
φ˜
sin θ
κv
)2
×
(
1− 4m
2
W
m2
φ˜
+ 12m
4
W
m4
φ˜
)√√√√1− 4m2W
m2
φ˜
, (11)
Γ (φ˜ → Z Z) = κ
2
32πmφ˜
(m2
φ˜
sin θ
κv
)2(
1− 4m
2
Z
m2
φ˜
+ 12m
4
Z
m4
φ˜
)
×
√√√√1− 4m2Z
m2
φ˜
, (12)
Γ (φ˜ → h˜h˜) = κ
2
32πmφ˜
(
cos3 θ − 2 sin2 θ cos θ
+ 3m
2
h
κv
sin θ cos2 θ
)2√√√√1− 4m2h˜
m2
φ˜
. (13)
ΓWW : ΓZ Z : Γh˜h˜  2 : 1 : 1 is derived in the limit mφ˜ 	 mh˜,mZ .
This is the result of the Goldstone boson equivalence theorem [4].
The decay processes φ˜ and h˜ to gg or γ γ have contributions
from new physics and SM loop effect. By using Λ parameters de-
ﬁned in Appendix A, we can write the decay width of the process
scalar particle to two photons or gluons simply as
Γ (φ˜ → gg) = 2α
2
s
π
m3
φ˜
|Λφ˜,g |2
, Γ (φ˜ → γ γ ) = α
2
4π
m3
φ˜
|Λφ˜,γ |2
,
Γ (h˜ → gg) = 2α
2
s
π
m3
φ˜
|Λh˜,g |2
, Γ (h˜ → γ γ ) = α
2
4π
m3
φ˜
|Λh˜,γ |2
.
(14)
In Fig. 1, we show the branching ratio of the decay φ˜.
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Here, we consider constraints and signals of the present model
at hadron colliders, that is, the Tevatron and the LHC. As we de-
noted in the previous section, φ˜ and h˜ have similar coupling and
decay mode to the SM Higgs. Therefore, the SM Higgs search
gives constraints on the model. At a hadron collider, the SM Higgs
is produced by gluon fusion (GF) and vector boson fusion (VBF)
dominantly. However, in the present model, VBF cross section is
suppressed because of mixing angle θ .3 On the other hand, GF
is enhanced because of a coupling between scalar particles and
gluon. Then, we discuss the collider signal for the Higgs produced
by GF.
The φ˜ production diagram by GF includes a vertex which gives
a φ˜ → gg diagram. Therefore, the production cross section is pro-
portional to Γ (φ˜ → gg). By using the narrow width approxima-
tion, we get the φ˜ cross section as [5],
σ(pp → ppφ˜)
= π
2
8mφ˜s
Γ (φ˜ → gg)
1∫
0
dx1
1∫
0
dx2 δ
(
x1x2 −m2φ˜/s
)
g(x1)g(x2).
(15)
Here,
√
s is the center of mass energy, and g(x) is the gluon dis-
tribution function of the (anti-)proton. h˜ production cross section
also obeys to similar formula.
In Fig. 2, we show φ˜ (or h˜) production cross section at the
Tevatron and the LHC. We estimated φ˜ cross section as σ(gg →
hSM) × Γ (φ˜ → gg)/Γ (hSM → gg) by using Eq. (15). The SM Higgs
production cross section is calculated by the program HIGLU [6].
A decay width without γ γ and gg mode of the SM Higgs is
calculated by the program HDECAY [7]. Γ (φ˜ → gg) and Γ (φ˜ →
γ γ ) are calculated at leading order. Let us note this calculation
is a rough estimate. To argue precisely, we must specify high
energy physics, and may have to calculate at next leading or-
der.
First, let us consider constraints on the production of h˜. The
most stringent constraint comes from two photon search because
of an enhancement of a branching ratio to two photons due to the
operator φFμν Fμν . In Fig. 3, we show the contour plot of [σ(gg →
h˜) × Br(h˜ → γ γ )]/[σ(gg → hSM) × Br(hSM → γ γ )], which should
lower than 25 [8] at the Tevatron when mh˜ = 115 GeV. ττ chan-
nel are constrained for σ × Br  6 pb [9] at the Tevatron. h˜ can
be produced by a decay of φ˜. However, h˜ is suﬃciently lighter
than φ˜, therefore, unless mixing effect cancel out the SM loop and
new physics contribution, direct production of h˜ is a dominant pro-
cess.
Next, let us consider constraints on the production of φ˜. φ˜ de-
cays into two W ’s or two Z ’s mainly. These channels give se-
vere constraint. In Fig. 4, we show the contour plot of [σ(gg →
φ˜) × Br(φ˜ → Z Z)]/[σ(gg → hSM) × Br(hSM → Z Z)]. WW chan-
nel is constrained on the upper bound 1.4 pb [10] at the Tevatron
when mφ˜ = 350 GeV. For this channel, ATLAS constrained the up-
per bound 14 pb [11] on the process gg → hSM → WW at the LHC√
s = 7 TeV. φ˜ → γ γ is enhanced due to φFμν Fμν . This channel
is constrained on the upper bound 0.007 pb at the Tevatron [12].
gg channel also gives constraint, but this constraint is weak com-
pared to WW channel.
3 Here, we assume a coupling between the Higgs and transverse component of
weak gauge boson is not enhanced by the operator φWμνWμν . This assumption
can be justiﬁed when Λ is a few TeV.Fig. 2. φ˜ (h˜) production cross section is shown as a function of mφ˜ (mh˜). In
these ﬁgures, we set |Λφ˜,g | = 1 TeV (|Λh˜,g | = 1 TeV) at the Tevatron (a), the LHC√
s = 7 TeV (b) and √s = 14 TeV (c). The cross section is proportional to |Λφ˜,g |−2
(|Λh˜,g |−2). For reference, the SM Higgs production cross section in gluon fusion is
also plotted in these ﬁgures.
4. Conclusion and discussion
In this Letter, we consider the situation in which the scale of
the new physics is several TeV. Naively, it is diﬃcult to ﬁnd such
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mh˜ = 115 GeV, mφ˜ = 350 GeV and θ = 0.2, 0.4 and 0.6. This region avoids the con-
straints on other channels from LEP, Tevatron and ATLAS.
a new physics at the LHC. However, if relatively light particles are
given from the new physics, it is expected such a particle provides
a possibility to test new physics at the LHC.
In the present model, the new particle and the standard Higgs
boson are mixed with each other. By this mixing, the productionFig. 4. We show σ(gg → φ˜ → Z Z)/σ (gg → hSM → Z Z)|SM. In this ﬁgure, we set
Λ−1γ = 0. The cross section is almost independent on Λγ .
and decay-mode are drastically changed, compared to the standard
Higgs model. In some parameter region the production cross sec-
tion can be O(10) times larger than the standard model Higgs for
mh˜ = 115 GeV (mφ˜ = 350 GeV) without conﬂict with the current
experimental limits.
For the lighter φ˜, h˜ which cannot decay into two Z bosons,
enhancement of the branching fraction to two photons is very im-
portant for collider signal. By the enhancement of the cross section
and/or branching fraction to photons, the σ × Br reach some ten
times larger than the standard Higgs boson in some parameter re-
gion and it is possible to discover the light Higgs boson with the
diphoton channel even in gluon fusion process. On the other hand,
the vector boson fusion process is suppressed by the mixing angle
cos2 θ , compared to the standard model Higgs. Therefore by using
information on forward-jet, this model can be tested.
As for the heavier φ˜, h˜, the cleanest signals of such particles
are four-leptons and/or diphoton events. The cross section times
branching fraction σ × Br(φ˜ → Z Z) can be some ten times larger
than the standard model Higgs case. In such a case, φ˜ plays a very
important role for Z Z search such as [13,14].
In the present model, there are two particles h˜, φ˜. Therefore
in some parameter region, both two can make clean signal, e.g.,
115 GeV diphoton mass and 350 GeV four leptons mass. In such
a case, observation φ˜ → h˜h˜ or h˜ → φ˜φ˜ is the most crucial test for
the present model.
Note added
After the completion of this work we received a paper [15], which has some
overlap with our Letter.
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Appendix A. Relationships among Λ’s
Here, we denote relationships among Λ’s in Eqs. (3) and (14).
1
Λ ˜
= cos θ
Λg
+ sin θ
√
GF
128
√
2π2
A1/2
( m2
φ˜
4m2
)
, (A.1)φ,g t
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Λφ˜,γ
= cos θ
Λγ
+ sin θ
√
GF
32
√
2π2
×
[
4
3
A1/2
( m2
φ˜
4m2t
)
+ A1
( m2
φ˜
4m2W
)]
, (A.2)
1
Λh˜,g
= − sin θ
Λg
+ cos θ
√
GF
128
√
2π2
A1/2
( m2
h˜
4m2t
)
, (A.3)
1
Λh˜,γ
= − sin θ
Λγ
+ cos θ
√
GF
32
√
2π2
×
[
4
3
A1/2
( m2
h˜
4m2t
)
+ A1
( m2
h˜
4m2W
)]
. (A.4)
Here, we use a notation in Ref. [16]. A1/2 and A1 are deﬁned by
A1/2(τ ) = 2
τ 2
(
τ + (τ − 1) f (τ )), (A.5)
A1(τ ) = − 1
τ 2
(
2τ 2 + 3τ + 3(2τ − 1) f (τ )). (A.6)
A1/2 and A1 stand for SM fermion and massive gauge boson loop
effects, respectively. f (τ ) is given by
f (τ ) =
⎧⎨
⎩
arcsin2
√
τ (τ  1),
− 14 [log( 1+
√
1/τ
1−√1/τ ) − iπ ]2 (τ > 1).
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